The stromal compartment of secondary lymphoid organs is classicaly known for providing a mechanical scaffold for the complex interactions between hematopoietic cells during immune activation as well as for providing a niche which is favorable for survival of lymphocytes. In recent years, it became increasingly clear that these cells also play an active role during such a response. Currently, knowledge of the interactions between human lymphoid stroma and hematopoietic cells is still lacking and most insight is based on murine systems. Although methods to isolate stromal cells from tonsils have been reported, data on stability in culture, characterization, and functional properties are lacking. Here, we describe a reproducible and easy method for isolation and in vitro culture of functional human lymphoid stromal cells from palatine tonsils. The cells isolated express markers and characteristics of T cell zone fibroblastic reticular cells (FRCs) and react to inflammatory stimuli by upregulating inflammatory cytokines and chemokines as well as adhesion molecules, as previously described for mouse lymphoid stroma. Also, cultured tonsil stromal cells support survival of human innate lymphoid cells, showing that these stromal cells can function as bone fide FRCs, providing a favorable microenvironment for hematopoietic cells.
Introduction
Secondary lymphoid organs (SLO) are one of the hallmarks of the mammalian immune system. Dispersed throughout the body, these tissues with a defined microanatomy and spatial organization allow for the proper control and initiation of innate and adaptive immune responses and facilitate the interaction between adaptive lymphocytes and antigen presenting cells [1] . As such, the stromal cell compartment provides a scaffold for these immune cell interactions, while also forming a niche which is favorable for survival and, in case of an adaptive response, proliferation of hematopoietic cells. This is done by offering structural support in combination with secretion of homeostatic and, when activated, pro-inflammatory mediators [2] [3] [4] [5] [6] . Advances made in the past decade to analyze the structured anatomy of SLO and to study how the diverse array of cell types is distributed, emphasized the importance of specialized locations in SLO that specifically support the variety of cell types and functions [7] . With the recent discovery of a stromal cell niche for mouse and human innate lymphoid cells (ILC) it is now evident that SLO harbor organized stromal microenvironments that support adaptive lymphocyte survival and function [8] .
ILCs form a family of cells of lymphoid origin that do not express rearranged antigen receptors and can be divided into three subsets (type 1, 2 and 3 ILCs; ILC1, 2 and 3 resp.) based on expression of transcription factors and production of cytokines [9] . While only a specific population of ILC3, described as lymphoid tissue inducer cells, play a crucial role during the early development of most SLO, all ILC subsets have been identified in mature SLO where they constitute and maintain a minor but important population of effector cells [10] [11] [12] [13] [14] [15] . Like T cells, ILCs are dependent on IL-7 for their survival in homeostasis [6, 16, 17] and have been shown to interact closely with stromal cells in SLO [8, 17, 18] .
Despite the rarity of ILCs in SLO many laboratories have developed ways to isolate pure ILC subsets and set up culture systems to grow and expand them for subsequent analysis [11, 12, [19] [20] [21] . While in murine settings, stromal cell lines have been used in the past to culture ILCs and ILC-like cell lines [22] [23] [24] , human culture systems typically depend on recombinant cytokines (e.g. IL-7 and SCF or IL-2) in the presence or absence of hematopoietic feeder cell lines. To mimic the behavior of ILCs in human SLO more faithfully and to be able to study the role of ILCs in these organs, we set out to isolate and culture human SLO stroma in vitro. To this end we used cells isolated from resected palatine tonsils, which are readily available.
Here, we show that tonsil stromal cells (TSC) can be cultured as cell lines, while maintaining their functional phenotype for at least 8 passages and can be used in experiments as previously shown for murine SLO stroma [25] . Additionally we show that the TSC lines we cultured support survival of human ILCs. This will allow the study of human hematopoietic cells in an environment that more faithfully mimics the microenvironment they encounter in vivo.
Materials and Methods Tonsils
Palatine tonsils were obtained from the department of Otolaryngology, MC Slotervaart, Amsterdam, the Netherlands. Anonymous collection of tonsil tissue was approved by the Medical Ethical Committee of the VU University Medical Center (Amsterdam, The Netherlands), in accordance with the Declaration of Helsinki and according to Dutch law. As tissue was collected anonymously, no signed informed consent was required.
Flow cytometry and antibodies
For flow cytometric analysis, cells were detached with trypsin and kept in a single cell suspension in PBS supplemented with 2% (v/v) heat inactivated (h.i.) new born calf serum (NBCS) on ice to prevent re-attaching.
The following antibodies were used: rat-anti-human podoplanin (PDPN, clone NZ-1, AngioBio, San Diego, CA, USA), mouse-anti-human CD31-AlexaFluor 
In vitro stimulation of TSC lines
TSC lines were trypsinized, re-plated in 6 well plates and cultured at 37˚C. When confluent, cells were stimulated with either rhIFNγ or rhTNFα (both Peprotech, Rocky Hill, NJ, USA) for 6 hours.
RNA isolation and real-time PCR
Cells were homogenized in Trizol reagent (Thermo Fischer Scientific, Waltham, MA, USA). RNA was isolated by centrifugation in Phase Lock Gel-heavy 1.5mL tubes (5 Prime GmbH, Hamburg, Germany), subsequently precipitated in 2-propanol (Sigma Aldrich, St. Louis, MO, USA) and finally washed with 75% EtOH (Cargill, Schiphol, the Netherlands). cDNA was synthesized from total RNA using RevertAid First Strand cDNA Synthesis Kit (Fermentas Life Sciences, Burlington, Canada) according to manufacturer's protocol. mRNA isolation from small cell numbers upon co-culture experiments was done using mRNA capture kit (Roche Life Sciences, Almere, the Netherlands) according to manufacturer's protocol and cDNA was subsequently synthesized using Reverse Transcription System (Promega, Madison, WI, USA) according to manufacturer's protocol.
Real-time (rt)PCR was performed using SYBR Green mastermix (Foster City, CA, USA) on StepOne real-time PCR systems from Applied Biosystems (Bleiswijk, The Netherlands). Used primer sequences are listed in Table 1 .
Immune fluorescence
For immunofluorescence analysis, tonsil tissue was embedded in OCT compound (Sakura Finetek, Leiden, the Netherlands), snap frozen in liquid nitrogen and kept at −80˚C. Tissue sections (6 μm) were fixed with acetone for 10 min, air dried, and incubated in blocking buffer (PBS supplemented with 2% (v/v) h.i. NBCS and 5% (v/v) normal human serum). Samples were incubated with primary antibodies for 1-2 h in PBS containing 2% (v/v) h.i. NBCS and when needed, further incubated with appropriate secondary antibodies/reagents for 30 min. Sections were mounted in vynol with DAPI (Calbiochem). Images were acquired on Zeiss LSM 710 (Carl Zeiss) and further processed using Adobe Photo Shop and Illustrator CS6 software.
Statistics
Results are given as the mean ± SEM or SD. Statistical analysis was done using GraphPad Prism 4 Software (La Jolla, CA, USA). Due to small sample size we could not assume normal distribution and/or equal variance and thus used either one-or two tailed Mann-Whitney tests for comparisons between two groups or Two Way ANOVA with Bonferonni's correction for comparisons between multiple groups, as described in the figure legends. Significance is indicated by Ã p 0.05 or ÃÃ p < 0.01, ÃÃÃ p<0.001. We did not use statistical methods to predetermine sample size of human samples, nor were the investigators blinded to sample identity or results.
Results

Digestion and generation of tonsil stromal cell lines
Generation of tonsil stromal cell (TSC) lines was done according to methods previously reported for isolation of stromal cells from mouse and human lymph nodes [25] . In short, GAPDH  CCA TGT TCG TCA TGG GTG TG  GGT GCT AAG CAG TTG GTG GTG  IL-7  GCC TCC TTG GTG TCG TCC GC  AAC GCT TGG CGA CTG GGA GC  TRANCE  TCG AGG TCT CCA ACC CCT CCT  ACC GTT GGG GCC ATG CCT 
Tonsils harbor characteristic lymphoid stromal cell subsets
Similar as in murine lymphoid tissue, CD45 -stromal subsets within the human tonsil can be distinguished by determining the expression of the protein markers PDPN and CD31 [26] [27] [28] . First, the presence of the cellular subsets was confirmed by staining frozen sections for podoplanin (PDPN) and CD31 ( Fig 1A) . For convenient orientation within the tissue, a B cell staining was included (CD20, Fig 1A) . (Fig 1B) . Both immunofluorescence ( Fig   1A) and flow cytometry (Fig 1B and 1C) revealed that human BECs expressed higher levels of CD31 when compared to LECs (Fig 1C) . Subsequently, tonsil stromal cell (TSC) lines were grown out by repeated passage. In contrast to a previous report considering culture of human LN stromal cells [25] , these cultures were characterized and already after their second passage the cells that remained in culture were near uniformly CD45 -PDPN + CD31 -, corresponding to FRCs (Fig 1D) . PDPN expression remained stable through culture for at least 8 passages (Fig 1E) . These results show that the classically described stromal subsets for mouse and human lymph nodes can also be identified in human tonsils upon enzymatic digestion. The differential expression of PDPN and CD31 will allow for FACS-sorting of the stromal subsets FRCs, BECs, and LECs. However, upon bulk ex vivo culture (without FACS sorting), FRC-like cells dominate the cultures, which can be further cultured as cell lines for at least 8 passages.
Isolated TSC lines resemble bone fide FRCs
To further characterize the TSC lines we performed PCR analysis for IL-7, CCL21, CXCL10, CXCL12, CXCL13, TRANCE, LTβR, ICAM-1, and VCAM-1, all of which are known to be produced by lymphoid stromal cells [29] , and CEBPA, which is associated with myeloid cells [30] as a negative control. We used CD45 + PBMCs from healthy donors as controls. As expected and in accordance with previous reports, ICAM-1, IL-7, CXCL10, TRANCE and LTBR were found to be expressed in both stroma and PBMCs [31] [32] [33] [34] , while CXCL12 was found to be expressed by TSC and not by PBMCs [35] (Fig 2A) . In line with its role in cells of [30] , CEBPA was found to be expressed only in PBMCs, but not in stromal cells (Fig 2A) .
Beside chemokines and cytokines, FRCs produce extracellular matrix (ECM) proteins that, for a large part, make up a reticular network known as the conduit system [29] . Accordingly, the cells cultured in our system also produced transcripts involved in the assembly of the conduit network, inculding decorin (DCN), biglycan (BGN), collagen type I (COL1A1), collagen type V (COL5A2), fibronectin 1 (FN1), focal adhesion protein (FAP), SPARC, and fibromodulin (FMOD) which were not expressed in the PBMC controls (Fig 2B) . In summary, the stromal cell lines generated from tonsils showed phenotypic characteristics of genuine FRCs both at protein (Fig 1) and transcript (Fig 2) level [29] .
Isolated TSC lines remain stable in culture
To determine whether the generated TSC lines remain phenotypically stable in culture, we analyzed gene expression for FRC signature genes in time. Indeed, like protein expression of PDPN (Fig 1E) , expression of IL-7, CCL21, COL1A1, COL5A2, FN1 and DCN transcripts did not differ between cells harvested at P2, P4, P6 or P8 (Fig 3) . Although some fluctuation was seen between different passages, in all passages FRC specific genes COL1A1, COL5A2, FN1 and DCN were higher than in PB. These results show that the FRC phenotype remains stable in culture for at least 8 passages.
TSC lines up-regulate CXCL10, ICAM-1 and VCAM-1 upon inflammatory cytokine stimulation
In case of immune activation, stromal cells in mouse SLO take an active part in forming the proper microenvironment for the ongoing immune response, including up-regulation of adhesion molecules and secretion of inflammatory cytokines [29, 36] . To assess whether human TSC do the same, we stimulated TSC lines with either 5ng/mL rhTNFα or 300U/mL rhIFNγ for 6 hours and assessed expression of stromal cell-associated genes by quantitative RT-PCR. Both IFNγ and TNFα led to an up-regulation in all donors of CXCL10, ICAM-1 and VCAM-1, while an upregulation of IL-7 in all but one donor was only seen upon stimulation with IFNγ (Fig 4) . In contrast, expression levels of LTBR, TRANCE, CXCL12, CXCL13 and the ECM-associated genes were unaffected by either stimuli (data not shown).
These data indicate that, like primary mouse and human stromal cells, our TSC lines regulate transcripts for adhesion molecules, pro-inflammatory cytokines, and chemokines upon encounter with inflammatory stimuli, which may facilitate an ongoing immune response in vivo, as these molecules can control hematopoietic cell adhesion, migration, and function.
TSC lines support survival of innate lymphoid cells
In steady state, SLO stroma creates a niche favorable for survival of lymphocytes including which innate lymphoid cells (ILCs). ILCs have been shown to reside in both human and mouse SLO mainly in the interfollicular region, where they associate with PDPN stromal cells [8, 18] . To address whether the TSC lines we grew out could support ILC survival, we FACS-sorted human ILCs from both peripheral blood and tonsils (sort strategy and reanalysis in S2 Fig) and cultured them for 4 days with or without TSC and compared these cultures to sorted ILCs cultured with rhIL-7 as a positive control. As expected, ILCs cultured with TSC showed increased survival as compared to cells cultured without stroma, similar to ILCs cultured in rhIL-7 alone (Fig 5A and 5B) . Finally, to establish functional stability of the TSC, we cultured ILCs for four days with TSC from passage 4 or 14 from the same donor. In both early (passage 4) and late (passage 14) passages, TSC supported ILC survival as opposed to no stroma control (Fig 5C) . Collectively, we describe a method to isolate human tonsil-derived stromal cells and to grow out stable cell lines that support ILC survival in vitro. This provides means to study human ILCs in a microenvironment which more faithfully resembles their natural milieu in SLO.
Discussion
In this report, we show for the first time that stromal cells isolated and grown out of palatine tonsils can be stably cultured in vitro as cell lines and function as bone fide FRCs. Biomedical research in human settings is inherently restricted due to the limitation to ex vivo or in vitro models. It is also widely accepted that in vivo experiments carried out in animal models are not always completely representative for human biology. As a consequence, there is a great need for model systems which mimic the human in vivo situation as accurately as possible. Currently, assays modeling the human immune response are often done in vitro, using only hematopoietic cells. Doing so, the role of the stromal compartment of the lymphoid tissue in such a response is ignored. At the same time, it has become exceedingly clear in the past two decades that the SLO stroma is taking active part in the regulation of the immune responses rather than only providing a structural scaffold for interactions between hematopoietic cells [3, 37, 38] . For example, production of CCL19 and 21 enhances motility [39] [40] [41] [42] and survival [6] of T cells as well as maturation and antigen uptake by DCs [43] [44] [45] , while IL-7 has been shown to enhance TCR signaling, also augmenting effector function and T cell memory formation [6, 46] . Conversely, via production of iNOS [47] and presentation of peripheral tissue antigens (PTA) in the context of MHC-II [48] [49] [50] [51] [52] [53] [54] , SLO stroma has been shown to attenuate T cell responses by direct suppression or maintenance of Tregs. Both the stimulating and inhibiting roles of the stroma in the context of an immune response can greatly influence the outcome of such a response and should be taken into account when investigating it. With our isolation and culture method, human tonsil stroma can be easily and reproducibly isolated and cultured for use in different experimental settings.
The TSC lines described here express homeostatic chemokines and cytokines as well as components of the ECM, as described for mouse SLO stroma [25, 29] . Additionally, the cells support survival of ILCs in vitro which is in line with the role of stroma in creating a favorable niche for lymphocyte survival within SLOs [3] . On the flip side, human ILCs have been shown in the past to cause induction of ICAM-1 and VCAM-1 on stromal cells, as a consequence of LTBR and/or TNFR signaling [55] . This ILC-stromal cell interaction, which is long known from lymphorganogenesis during ontogeny [56] and regeneration of lymphoid tissue following LCMV infection in mice [57] may also play a role in the formation of lymphoid aggregates in cancer or autoimmune diseases [55, 58, 59] . Although many other cell types including adaptive lymphocytes express lymphotoxin and TNFα, the permanent presence of ILCs in human SLOs makes it tempting to speculate that these cells play a role in the maintenance of the homeostasis of SLO stroma.
Maintaining survival of lymphocytes is also important in the context of lymphomas. Human stromal cells have been shown to support survival of malignant B cells in vitro [26] and different stromal gene signatures, including expression levels of various ECM transcripts, have been shown to correlate with different survival rates of diffuse large B cell lymphoma patients [60] . A favorable niche for survival of malignant cells which is created by survival factors secreted by SLO stroma can thus greatly influence the efficacy of treatment regiments of patients. Standardization of culture systems for functional human stromal cells as shown here can boost research into these stromal cell-malignant lymphocyte interactions and the influence these have on patient treatment.
Of note, the cells we use here are derived from tonsils rather than from lymph nodes, which have been shown to grow for a short period of time in vitro as well [25] . Also, we provide here a functional characterization of these cells, showing they remain stable in culture for at least 8 passages, which readily allows for in vitro gene manipulation by eg. Cas9/CRISPR techniques. In addition, tonsils are different from lymph nodes in a number of important aspects. Most importantly, resected tonsils are often inflamed, which can alter the phenotype of the isolated cells [28, 29] . However, the cells did react to stimulation with either IFNγ or TNFα, implying culturing allowed the cells to return to a homeostatic state (Fig 3) . Also, tonsils lack afferent lymphatics and have lymphatic sinuses that are positioned directly below the squamous epithelium [61] , which can have an effect on the stromal populations isolated and makes it more challenging to isolate and culture LECs. Indeed, in contrast to what has been shown for stromal cells isolated from human LNs, already at early time points (passage 1-2) we did not observe any endothelial cells in our culture. This suggests that the FRC-like cells out-grow the endothelial cells when cultured together. Based on our ex vivo flow cytometry data, however, it is likely that provided cell sorting performed directly upon tonsil digestion, the isolation method described here will allow for the purification of all typical stromal cell types (including LECs and BECs). Finally, an advantage of using tonsils as source for stromal cells is the availability of tissue. As tonsillectomies are routinely performed in many hospitals, tonsils are much more readily available than human lymph nodes which are often isolated post-mortem.
In conclusion, we show here that isolated stromal cells from tonsils can grow in culture as stable and bone fide FRCs cell lines. Our culture system offers a reliable, reproducible method for deeper investigations of interactions between human lymphoid tissue stroma and healthy or malignant hematopoietic cells, and to more closely and faithfully recapitulate the complex and multifunctional in vivo microenvironment of SLOs. . The pieces of tonsil were incubated in RPMI supplemented with 0.6mg/mL collagenase P, 2.4mg/mL dispase and 0.3mg/mL DNAse I for 5 min. (C) after which they were disrupted using a 1000μL pipette (D). Subsequently, the supernatant was transferred to a tube containing PBS supplemented with 1% hi FCS and 2mM EDTA and centrifuged (E). Fresh enzyme containing medium was added to the pieces of tonsils and the process was repeated 4-5 times. Finally, the cells were centrifuged, taken up in culture medium and cultured in a collagen-coated T75 culture flask at 37˚C / 5%CO 2 
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